INTRODUCTION
Asthenozoospermia, characterized by reduced sperm motility, 1 is a common finding among infertile men. Various causes, such as elevated levels of anti-sperm antibodies, varicocele, endocrine abnormalities, inflammation, and structural defects in the sperm flagella, can lead to asthenozoospermia, but the true etiology remains unknown in most cases. Nearly a century ago, it was discovered that many ions (e.g., Ca ) are involved in sperm movement, capacitation, the acrosome reaction, volume regulation, and chemotaxis of human spermatozoa. 2 There has been renewed interest in the subject recently as impairment of ion channels in spermatozoa is associated with male subfertility. Chloride, the principal anion, is essential for many functions of human spermatozoa. Several types of chloride channels, such as the cystic fibrosis transmembrane conductance regulator (CFTR), 3, 4 Ca 2+ -dependent Cl − channels (CaCCs), 5 ClC channels, 6 g-aminobutyric acid (GABA)-gated and glycine-gated receptors, 7, 8 have been reported to be involved. Chloride channel blockers, such as 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS), inhibits the zona pellucida (ZP)-induced
ORIGINAL ARTICLE
Chloride channels are involved in sperm motility and are downregulated in spermatozoa from patients with asthenozoospermia to the site of fertilization. 15 Spermatozoa from infertile men exhibit lower volume regulating capacity than those from fertile men. 16, 17 This implies that the inability of spermatozoa to regulate their volume might be one of the causes of infertility. ClC-3 chloride channels have been reported to be involved in RVD of somatic cells and are expressed in the entire flagellum of healthy human spermatozoa with high density, especially in the neck and mid-piece areas, 6 the locations of the osmotically sensitive cytoplasmic droplet. The aim of this study was to investigate the volume regulating capacity, the role of chloride channels in volume regulation and sperm motility, and the expression and distribution of ClC-3 chloride channels in spermatozoa from normal and asthenozoospermic men.
MATERIALS AND METHODS

Semen sample collection
The use of semen samples for the study was approved by the Institutional Review Board of the Guangdong Science and Technology Institute of Family Planning and by the Ethics Committee of this institution. Informed consent was obtained from all the donors. This study included 58 asthenozoospermic semen samples and 56 normozoospermic semen samples as the control. Semen samples were obtained by masturbation into specific sterile containers at the institute after 2-5 days of sexual abstinence. After liquefaction of the semen, the sperm parameters (volume, sperm count, the percentage of progressive motility, and motion characteristics) were evaluated by routine procedures according to World Health Organization guidelines 1 using computer-aided sperm analysis (CASA). Asthenozoospermia was defined as progressive motility of <32% within 60 min of ejaculation based on three consecutive investigations. Asthenozoospermic semen samples were collected from patients in the Male Reproductive Center, and normozoospermic semen samples were from healthy semen donors in the Human Sperm Bank of the Family Planning Special Hospital of Guangdong. In selecting the semen samples, those patients with varicocele, infections, a history of radiation and/or chemotherapy, abnormal autoimmune symptoms, or endocrine abnormalities were excluded. Once no possible cause for reduced sperm motility could be detected, a conclusive diagnosis of idiopathic asthenozoospermia was reached. The average duration (mean ± standard deviation) of diagnosed infertility for the patients with asthenozoospermia was 3.2 ± 0.8 years.
Sperm preparation and incubation
After semen liquefaction, spermatozoa were washed through a two-step gradient of 40% and 80% of Percoll-saline (330 mOsm l −1 ). After washing with modified Biggers, Whitten and Whittingham (BWW) solution (330 mOsm l −1 ), aliquots of the sperm suspension were incubated at 37°C in humidified air with 5% CO 2 .
Media
The incubation medium was modified BWW medium. 18 BWW medium with an osmolarity of 330 mOsm l −1 (similar to that of semen) was named BWW 330 , and consisted of NaCl 110.00 mmol l (similar to that of cervical mucus) was named BWW 290 , and had the same components as BWW 330 except for NaCl, which was adjusted to 85 mmol l −1 from 110 mmol l −1 . The BWW solutions were equilibrated in the incubator at 37°C with 5% (v/v) CO 2 in the air, and 4 mg ml −1 bovine serum albumin (BSA) was added to the solutions before use. All chemicals used in the study were purchased from Sigma-Aldrich (St. Louis, MO, USA). The chloride channel blockers, DIDS and 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) (Sigma-Aldrich, St. Louis, MO, USA), were both prepared as stock solutions of 100 mmol l −1 in dimethylsulfoxide (DMSO) and diluted to a final concentration of 100 µmol l −1 with BWW solutions for the experiments. DMSO controls were included in the experiments. The concentrations of NPPB and DIDS were chosen based on our previous work 19, 20 and others. ; Sigma-Aldrich, St. Louis, MO, USA). After gentle agitation to mix the sample, 10 000 cells were analyzed by flow cytometry. PI signals (emission at 605-635 nm) were detected to eliminate signals from nonviable cells (PI positive), and excitation at 488 nm was used to gate out debris for the forward and side scatter window. Forward scatter signals (FSCs), which reflect the relative sperm size, were analyzed after gating for the viable (PI-excluding) spermatozoa. The relative cell size was calculated by dividing the mean forward scatter signal of the treated cells by that of control cells from the same sperm sample. The flow cytometer settings were not changed throughout the study and were calibrated using standard beads before the experiments.
Measurement of sperm motility
Aliquots (5 µl) of the sperm suspensions were taken after 30 min incubation in BWW solutions with or without the chloride channel blockers and viewed on prewarmed (37°C) sperm motility analysis chambers (Makler® Counting Chamber, 10 µm deep; Sefi Medical Instruments, Haifa, Israel) using a negative phase contrast objective (×10). Several fields of view were video recorded over approximately 10 s (with a total magnification of ×100) and analyzed using a CASA system (Sperm Class Analyzer® CASA system, Microptic, Barcelona Spain). At least 200 spermatozoa were tracked for measuring progressive motility (PR), curvilinear velocity (VCL), straight-line velocity (VSL) and average path velocity (VAP). Measurements were made on 50 frames (frame rate, 50 Hz; minimum contrast, 60; minimum size, 3; minimum track points, 25; minimum VAP, 10 µm sec −1 ).
Immunocytochemical detection of ClC-3, ClC-5 and ClC-7 in spermatozoa For studies of the localizations of ClC-3, ClC-5 and ClC-7 channels, the sperm suspensions were washed by centrifugation at 200 g for 20 min through a 40%/80% Percoll density gradient. The Percoll-washed sperm suspension was washed again with phosphate-buffered saline (PBS) 3 times, and smeared and air dried on polylysine-coated slides. They were then fixed in 4% paraformaldehyde in PBS (with 0.12 M sucrose) for 30 min at room temperature. They were permeabilized with Triton X-100 (0.5% in PBS) for 5 min and subsequently blocked with 3% BSA in PBS at the room temperature for 45 min. After washing 6 times with PBS (5 min each), the sperm were incubated with primary polyclonal antibodies against ClC-3, ClC-5 and ClC-7 (1:100; Abcam, Cambridge, USA) and incubated with PBS alone as negative controls at 4°C overnight. Stock concentrations of antibodies were kept at 100 µg µl −1 and the final concentration was 1 µg µl −1 . The sperm was washed 6 times with PBS and incubated with a secondary antibody (1:100, Alexa Fluor 488-conjugated goat-anti-rabbit IgG; Beyotime Institute of Biotechnology, Haimen, China) in the dark for 1 h at room temperature. Unbound antibodies were removed by washing with PBS 3 times for 5 min each, and then counterstained with the nuclear dye 4' ,6-diamidino-2-phenylindole (DAPI; Beyotime Institute of Biotechnology) for 5 min at a final concentration of 5 µg ml −1 . Finally, the sperm suspensions were washed with PBS 3 times, mounted with Vectashield anti-fade medium (Vector Laboratories, Burlingame, CA, USA) sealed with colorless nail varnish and observed with a Nikon confocal microscope (Nikon C1Si confocal system, Nikon, Tokyo, Japan; magnification ×1000).
Analysis of ClC-3 expression by flow cytometry
An aliquot of semen containing 10 × 10 6 spermatozoa was layered on 1/1 ml 40%/80% Percoll made up in BWW 330 medium, as described. 23 Sperm pellets obtained by centrifugation at 400 g for 20 min were washed in 3 ml BWW 330 , and centrifuged at 200 g again for 5 min before resuspension in 2 ml BWW 330 . The dispersed spermatozoa were fixed in 1 ml 4% paraformaldehyde for 30 min at room temperature. A sperm pellet was obtained by centrifugation at 2000 g for 10 min and washed twice with PBS. The fixed spermatozoa were permeabilized with 1 ml 0.5% Triton X-100 for 10 min and blocked in 1 ml PBS containing 3% BSA for 1 h. After pelleting and dispersion in 100 µl PBS, the sperm suspension was divided into two aliquots. A primary antibody against ClC-3 (Abcam; final dilution 1:100) was added to one of the aliquots, and the sample was incubated overnight at 4°C and shaken continuously. The other aliquot was left as a negative control. After washing twice with PBS, the two sperm aliquots were incubated in 30 µl Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (Beyotime Institute of Biotechnology; final dilution 1:50) for 1 h in the dark. After washing, the spermatozoa were suspended in 250 µl PBS containing 3 µl PI (final concentration 0.6 µg ml −1 ) to stain the sperm nuclei and analyzed using flow cytometry (excitation 488 nm; Accuri C6). Cell debris and other cells (such as round cells, germ cells, and leukocytes) were gated out using the forward and side scatter windows, and the spermatozoa were gated in by their high PI fluorescence in the head for the analysis of secondary antibody signals. The aliquot stained with the secondary antibody alone was used to set the threshold fluorescence level. Spermatozoa with fluorescence above the threshold were considered positive for primary antibody staining.
Statistical analysis
Statistical analyses were performed using SPSS version 13.0 (SPSS Inc., Chicago, IL, USA). The data shown in the figures and tables were found to be distributed normally. For statistical analysis, two-tailed Student's t-tests were used. For three or more groups, data were analyzed by one-way analysis of variance (ANOVA); P < 0.05 or P < 0.01 was considered statistically significant.
RESULTS
Donor age and semen characteristics
The donor and semen characteristics of the samples from the normozoospermic men were as follows (presented with median and interquartile range from 25% to 75%): donor age, 31 Figure 1a) ; whereas the volume of spermatozoa from asthenozoospermic patients was increased significantly in BWW 290 , compared with that in the BWW 330 (n = 26, P < 0.01, t-test; Figure 1a) .
Effects of chloride channel blockers on sperm volume
As shown in Figure 1b and 1c, the chloride channel blocker NPPB (100 µmol l −1 ) increased the relative volume of spermatozoa from the normozoospermic men by about 2% (expressed as the change in the FCS signal ratio of the treatment vs the BWW 290 control) in BWW 290 (n = 11, P < 0.01, t-test), but did not significantly change the relative size of the spermatozoa from patients with asthenozoospermia in the BWW 290 (n = 11, P = 0.196, t-test). Similar to NPPB, the chloride channel blocker DIDS (100 µmol l −1 ) increased the relative volume of spermatozoa from the normozoospermic men in BWW 290 by about 4% (n = 14, P < 0.01, t-test; Figure 1b and 1c) . However, it did not significantly alter the relative size of the spermatozoa from patients with asthenozoospermia in BWW 290 (n = 15, P = 0.082, t-test; Figure 1b and 1c) .
The efficiencies of DIDS and NPPB, in changing sperm volume are shown in Figure 1d (DIDS) and 1e (NPPB). The change in the sperm volume has been expressed as (FCS blocker − FCS 290 )/FCS 290 × 100%, where FCS blocker is the FCS signal recorded in the presence of channel blockers in BWW 290 and FCS 290 is the FCS signal obtained in the absence of channel blockers in BWW 290 . The sperm volume increase induced by the NPPB and DIDS treatments was much higher in spermatozoa from the normozoospermic men than in those from patients with asthenozoospermia (DIDS: P < 0.01 and NPPB: P < 0.01, t-test; Figure 1d and 1e) .
The viability of spermatozoa detected by the PI staining assay was not affected by the NPPB and DIDS treatments. In the NPPB treatments, the viability (mean ± standard deviation) in BWW 290 was 58.6% ± 12.5% and 47.2% ± 16.6% in spermatozoa from normozoospermic and asthenozoospermic semen samples (n = 14), respectively. In the DIDS treatment groups, the viability was 58.4% ± 10.5% and 50.6% ± 15.8%, respectively (n = 14).
Sperm motility in media with different osmolarities
The PR, VCL, VSL, and VAP motility values in BWW 290 and BWW 330 were analyzed using CASA. All the motility parameters of spermatozoa from the normozoospermic semen samples were increased when incubated in BWW 290 , compared with those incubated in BWW 330 (all the P < 0.01 for PR, VCL, VSL, and VAP vs the BWW 330 ; Table 1 ). However, the motility parameters of the spermatozoa from the asthenozoospermic samples were decreased when exposed to BWW 290 , compared with those exposed to BWW 330 (all the P < 0.01 for PR, VCL, VSL, and VAP vs the BWW 330 ; Table 1 ).
Effects of chloride channel inhibitors on sperm motility in BWW 330
Analysis of sperm motility with CASA showed that the chloride channel blocker NPPB (100 µmol l −1 ) decreased all the motility parameters (PR, VSL, VCL and VAP) in spermatozoa from both the normozoospermic and the asthenozoospermic semen samples in BWW 330 (all the P < 0.01 for PR, VCL, VSL, and VAP vs the BWW 330 ; Table 2 ). Under isotonic conditions DIDS also inhibited these motility patterns of spermatozoa from both semen types (all the P < 0.01 for PR, VCL, VSL, and VAP vs the BWW 330 ; Table 2 ).
Effects of chloride channel inhibitors on sperm motility in BWW 290
Similar to the effects in BWW 330 , treatments with NPPB and DIDS also inhibited all four motility patterns of spermatozoa from both semen types in the hypotonic solution BWW 290 (NPPB: all the P < 0.01 for PR, VCL, VSL, and VAP vs the BWW 290 ; DIDS: all the P < 0.01 for PR, VCL, VSL, and VAP vs the BWW 290 for the normozoospermia; P < 0.05 for PR, and P < 0.01 both for VCL, VSL, and VAP vs the BWW 290 for the normozoospermia; Table 3 ). The percentage reductions in PR, VSL, VCL, and VAP, are shown in Figure 2 . Further analysis indicated that the inhibitory effects of the chloride channel blockers on sperm motility were stronger in spermatozoa from the normozoospermic samples than in those from the asthenozoospermic samples (Figure 2) . The DMSO vehicle control (0.1%, v/v) did not significantly interfere with sperm motility.
Localization and expression of ClC-3 channels in spermatozoa from normozoospermic and asthenozoospermic semen samples As demonstrated by immunocytochemistry, the ClC-3 chloride channel proteins were mainly localized in the neck and mid-piece areas of spermatozoa from the normozoospermic semen samples. However, in those from the asthenozoospermic semen, the ClC-3 immunofluorescence was mainly located in the tail, and the intensity in the neck and mid-piece areas is much weaker than in spermatozoa from the normozoospermic semen (Figure 3a-3d) .
Analysis of the ClC-3 protein expression by flow cytometry indicated that the expression levels of the ClC-3 proteins in spermatozoa from normozoospermic semen were higher than that in those from asthenozoospermic semen (Figure 3e) . Cells expressing the ClC-3 channels were more prevalent in the normozoospermic semen (91.21% ± 0.72%, n = 29) than in the asthenozoospermic semen (78.14% ±1.48%, n = 26, P < 0.01, t-test, asthenozoospermia vs normozoospermia).
Detection of ClC-5 and ClC-7 in spermatozoa
As shown in Figure 4 , ClC-5 and ClC-7 proteins were not detectable by confocal immunofluorescence microscopy in spermatozoa from either of the semen types studied.
DISCUSSION
Volume regulation is a fundamental function in spermatozoa, as if disrupted it leads to male infertility. Research has shown that the expression of aquaporins is downregulated, and water fluxes are poor in spermatozoa with low motility. 16 The capacity for volume regulation in spermatozoa from infertile men is weaker than that in those from fertile men. 17 Thus, there is a close relationship between volume regulation in spermatozoa and male fertility.
There is a drop in osmolarity (from 330 to 290 mOsm l −1
), when human spermatozoa pass through the female reproductive tract. Here we found that when incubated in BWW 290 at 290 mOsm l −1 , mimicking the osmolarity of cervical mucus, spermatozoa from normal semen maintained their volume unchanged, but spermatozoa from the asthenozoospermic samples swelled. This indicates that the volume regulatory mechanism in spermatozoa from asthenozoospermic semen is dysfunctional or disrupted. In contrast to mouse spermatozoa (53-81 µm 3 ), human spermatozoa have a smaller volume (28-34 µm 3 ) and contain less osmotically active fluid. 24 Thus, the increase in the human sperm volume and swelling of the flagellum results in more changes than in mouse spermatozoa regarding intracellular ionic strength and the fluid dynamics of axonemal microtubule sliding and flagellar force generation, 25 thereby influencing sperm motility. Here, incubation in the hypotonic medium (BWW 290 ) reduced all the detected motility parameters in spermatozoa from asthenozoospermic semen, but the same parameters were increased in those from normozoospermic semen. These results suggest that when the volume regulatory mechanism is impaired in spermatozoa from asthenozoospermic semen it results in even poorer sperm motility.
Chloride channels have been proven to play key roles in volume regulatory mechanisms. Here we investigated the involvement of chloride channels in volume regulation and sperm motility. DIDS and NPPB have been reported to be effective in blocking the volume-sensitive chloride channels in human nasopharyngeal carcinoma CNE-2Z cells. 19 The increase in the volume of spermatozoa from the normozoospermic men induced by DIDS and NPPB treatments in the hypotonic medium (BWW 290 ) indicates the involvement of such volume-sensitive chloride channels in sperm volume regulation. However, the two chloride channel blockers could not induce such volume changes in spermatozoa from the asthenozoospermic semen samples in the hypotonic solution, indicating a lower expression of chloride channels. Further investigation demonstrated that DIDS and NPPB reduced the motility parameters in spermatozoa from both types of semen. However, the inhibitory effects were much stronger in spermatozoa from the normozoospermic than in those from the asthenozoospermic samples. These results indicate that chloride channels play important roles in sperm motility, and suggest that the expression or function of the chloride channels is downregulated in spermatozoa from asthenozoospermic samples. Chloride channel blockers could serve as potential targets for male contraception, but this is still far from clinical utilization because of their inhibitory effects on the cell cycle and proliferation. 26, 27 It has been demonstrated that ClC-3, 9,28 ClC-5 29 and ClC-7 30 are involved in the migration of somatic cells. The ClC proteins are present in bovine epididymal spermatozoa 12 and can bind PP1g2, a key enzyme involved in regulating sperm maturation and motility. The ClC-3 channels are expressed in healthy human spermatozoa and are involved in sperm volume regulation. 6 We found here that ClC-3 proteins were expressed and located in the entire tail in spermatozoa from both types of semen. The presence of the ClC-3 channel proteins in the tail implies that they play an important role in sperm motility. ClC-5 and ClC-7 have been proven to be involved in the movement of somatic cells and are detectable in the epididymal epithelium of mice. 31 However, in our immunofluorescence experiments, neither the ClC-5 nor the ClC-7 channel could be detected in spermatozoa from both types of semen.
We studied highly motile spermatozoa from both semen types as selected by Percoll density gradient separation, but the ClC-3 chloride channels were differently expressed and located in the two types. ClC-3 immunofluorescence intensity was high especially in the neck and the midpiece regions, the sites of cytoplasmic droplets (CDs), in spermatozoa from normozoospermic semen, but was low in the same regions in spermatozoa from asthenozoospermic semen. Unlike the excess residual cytoplasm (ERC), an abnormal structure typically observed in spermatozoa from infertile men by clinicians, CDs are considered as a normal component of spermatozoa ejaculated by physiologically and reproductively normal men, 17, 32 and have been proven to be osmotically sensitive. 33, 34 ClC-3 is a candidate molecule for volume-sensitive chloride channels and is involved in volume regulation of many types of somatic cells. The potassium channels involved in volume regulation (e.g., TASK2, mink, and Kv1.5) are also found to be expressed in the neck region of human spermatozoa and at the end of the mid-piece of the mouse sperm. 35 Evidence supports the notion that regulatory volume decreases are possibly mediated via the membranes of the CDs. Downregulation of the ClC-3 channel in CDs might result in reduced sperm volume-regulating ability and mobility as found in spermatozoa from the asthenozoospermic samples. This work investigated the highly motile spermatozoa from both the semen types but the ClC-3 chloride channels were differently expressed and located in each of them. There are many causes of poor sperm motility, such as varicoceles, reactive oxygen species, infections, medications, and environmental exposure. Although men with such causes were excluded from this study, it is still difficult to exclude the effects of all the above causes on ClC-3 expression. To study this further, more samples and more detailed and careful categorization of sperm factors should be carried out.
CONCLUSIONS
This study demonstrated that the cell volume-regulating capacity and motility were decreased in spermatozoa from patients with asthenozoospermia. The ClC-3 chloride channels were downregulated in these spermatozoa, especially in the neck and midpiece regions. Chloride channels clearly play important roles in volume regulation and sperm motility. Activation of chloride channels in the sperm neck may be a key factor in the regulation of sperm movement, and reduced ClC-3 expression might serve as a measure for the clinical diagnosis of asthenozoospermia. Moreover, it might prove to be a target for the development of male contraceptive drugs.
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